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Estimations of the relative importance of the potential drivers of Holocene vegetational dynamics are increasing our understanding of forest ecosystem function  ADDIN EN.CITE (Reitalu et al., 2013; Kuosmanen et al., 2016; Marquer et al., 2017; Milligan et al., 2020). The proposed major factors influencing forest dynamics include succession following disturbance by fire, pathogens or storm damage (Seidl et al., 2020), clearance for agriculture and the use of forests by people, (Roberts et al., 2018) and the effects of climate change on disturbance, forest composition and migration of trees  ADDIN EN.CITE (Seidl et al., 2020; Giesecke et al., 2017; Iversen, 1960).  These drivers can contribute to landscape heterogeneity, influence biological diversity and determine ecosystem functioning (Mori et al., 2018). They are also relevant for the practical protection of biodiversity as some disturbance processes and agricultural use, such as grazing by domestic animals, can be managed (Attiwill, 1994). 
European-scale analyses have demonstrated that human impact has taken over from climate as the dominant driver of land cover change during the late Holocene  ADDIN EN.CITE (Molinari et al., 2013; Roberts et al., 2018; Marquer et al., 2017; Milligan et al., 2020) with burning, tree felling as well as grazing and browsing by domestic animals being the major agencies (Bradshaw and Mitchell, 1999; Mazier et al., 2009). Browsing and grazing effects by domestic and wild animals, particularly deer, on modern landscapes is substantial and well documented (Vera, 2000). By contrast, the relative importance of agropastoral activities or pressure from wild animals in the past is rather poorly understood because the palaeoecological methods used to reconstruct long-term grazing or browsing impact have lacked numerical precision (Bradshaw et al., 2003; Vera, 2000). These methods include the use of pollen indicator species and non-pollen palynomorphs (NPP) (Mazier et al., 2009; Cugny et al., 2010) often calibrated using present-day relationships (Gaillard et al., 1992). The use of ancient DNA is now yielding useful estimates of past population dynamics of herbivores on millennial timescales (Lorenzen et al., 2011; Niemi et al., 2018) with even genetic analyses of stomach contents (Willerslev et al., 2014). Greater temporal and spatial precision is available for recent centuries from historical archives such as taxation records (Dahlström, 2006). 
High biodiversity in southern Scandinavian forests today is often linked to pure Fagus forests and their saprophytic component comprising species of lichens, mosses, fungi and insects. These forests had a more mixed deciduous composition during the mid-Holocene  ADDIN EN.CITE (Hannon et al., 2018; Hultberg et al., 2017; Lindbladh et al., 2014). Hallands Väderö (HV) is an isolated island off the SW coast of Sweden with current significant populations of Tilia cordata, Quercus robur/petraea, Ulmus glabra, Alnus incana/glutinosa, Sorbus aucuparia, Corylus avellana and Fagus sylvatica together with Betula spp., Frangula alnus, Malus sylvestris and Prunus avium. HV forests have retained compositional elements characteristic of the mid-Holocene, which elsewhere in Sweden and Denmark have become severely depleted or lost in the recent past. Understanding why this mixed deciduous composition has been retained would be of value for conservation and management of the high biodiversity associated with deciduous tree species  (Sundberg et al., 2019; Halme et al., 2013).
 
In this paper we first reconstruct forest dynamics and fire history over the last c. 3000 years using pollen, plant macrofossils and macrocharcoal fragments. Then we use independent datasets of climate variations and fire to explore the relative importance of these potential drivers on forest dynamics and composition over the last c. 1000 year. Finally, we use a unique historical record of numbers of grazing animals on HV covering the last 335 years to explore statistically the effects of domestic stock, climate variations and fire on selected important plant taxa. We test the hypothesis that grazing has become the predominant factor controlling tree composition in recent centuries. We conclude with an assessment of the role of recent forest dynamics on the diversity of vascular plants, insects, epiphytic and fungi in Scandinavian temperate woodland and how this might be managed for biodiversity enhancement.





Hallands Väderö is situated off the south west coast of southern Sweden, (62 61' N; 13 01' E) (Figure 1). It is 3.2 km long and 313 hectares in size, mainly low relief with a highest point of 25 m a.s.l. The mean temperature of the coldest month is -0.2oC and the warmest month is 16.8oC. Precipitation is low (c. 600 mm p.a.) with the driest month in February and wettest in August (Raab and Vedin, 1995). The geological bedrock is gneiss with some granite intrusions and moraine features (Mörner, 1969). Soils are fairly thin, with some areas of peat accumulation in depressions, and pebble beaches exposed at the former highest shoreline which is a distinct beach ridge formed between BC 4500 and 2600 (Mörner, 1969). Towards the end of the Bronze Age, when the palaeoecological record begins, the sea level was c. 4 m. above that of present day. 
The present vegetation is composed of forests (108 ha), open pasture areas (62 ha), scrub dominated by Juniperus (89 ha), while exposed bedrock can be seen along the shore (55 ha) (Lannér, 2003).  The island has been used for the gathering of wood for the mainland village of Torekov since the 13th century, and church records reveal documentary evidence for grazing by domestic animals since 1545 AD (Lannér, 2003). Low intensity plantation forestry was established in 1908 AD, but has been restricted since 1910 AD when the island became officially protected (Lannér, 2017; Lannér, 2003).  

Figure 1: Location of Hallands Väderö island.
The sample site, Hälledammen, c. 10 m a.sl., is a small pond, located on the southern part of the island in Söndre Skog (Figure 1, Supplementary Material), a protected semi-natural forest, enclosed since 1858 AD, containing some of the oldest Quercus and Fagus individuals present in Sweden. The younger Fagus trees are mainly tall and narrow, whereas the older Quercus trees have wide crowns indicating former semi-open conditions in this forest, substantiated by historical photographic documentation from the early 1900s (Lannér, 2017; Lannér, 2003). 
Methods
A series of probes were made across the basin using a one metre, 7-cm diameter Russian corer in order to find the greatest sediment depth. Duplicate cores were taken, wrapped in plastic, placed in plastic guttering, sealed and refrigerated at 4oC prior to sampling. A total of 60.5 cm of sediment was recovered. Continuous 0.5 ml samples were volumetrically taken for pollen analysis. Initially prepared using standard pollen extraction techniques (Berglund, 1986), the pollen samples were reanalysed with an extraction methodology designed to eliminate clumping and make pollen more visible. Pollen percentage diagrams were constructed using TILIA, Version 2.0.41 (Grimm, 2015). The pollen sum included trees, shrubs and herbs, excluding aquatics and sphagnum. Lycopodium tablets were added to allow the calculation of pollen concentration and accumulation rate (PAR, pollen grains/cm2/year). Contiguous macrocharcoal and plant macrofossils (units/cm3) were analysed every cm. Samples were soaked overnight in 5% NaOH and washed through >385 μm and >450 μm sieves.  Five thin sediment slices were sent for AMS dating to the Ångström Laboratory in Uppsala, Sweden.
Data analyses






The R package relaimpo which provides several metrics for assessing the relative importance of predictors in linear models (Grömping, 2006) was chosen to calculate the importance of climate variability, grazing pressure and fire activity on selected groups and individual plant taxa. The data were expressed as standardized deviations (Z-scores) from the 20th century mean values. The analyses were performed by comparing each reconstructed composite time series with the estimation of the vegetation cover of the selected taxon, with a temporal resolution of 4 years (the temporal resolution of the climate data). To select the “optimal” model given all possible sets of predictors, we used the Akaike’s Information Criterion (AIC) values (Akaike, 1973) which incorporates both model fit and model complexity, with more complex models being penalised relative to simpler ones; better models have lower AIC values relative to others in the same candidate set (Anderson, 2008; Zuur et al., 2009). Given the small number of predictors, we generated all possible models and the one with the lowest AIC value was selected. In case of two correlated predictors, this method chose the one which resulted in a better model. As multiple tests were carried out based on the same dataset, we increased the rate of type I error. To control this error rate, the p-values were adjusted using the Holm-Bonferroni correction (Holm, 1979), a standard procedure which incrementally decreases the α levels to reach significance. For each selected taxon, the AIC values model with the smallest score (i.e., the “optimal model”) was chosen as the most appropriate in explaining the variation in its vegetation coverage during the time period taken into consideration. 
In a first step, the linear regression analysis performed with the use of the relaimpo package allowed the assessment of the relative importance (RI) of winter temperature, relative summer humidity and fire activity on different deciduous taxa and pollen grazing indicators over the time period covered by the climate data (i.e., 946-2000 AD). The selection of the pollen grazing indicators was based on the literature (Behre, 1981; Gaillard et al., 1992). 





AMS radiocarbon dates were calibrated into calendar years (cal. BP) using Clam software (Blaauw, 2010) (Table 1). The relationship between the calibrated calendar age and depth of sediment is presented in Figure 2. 

Table 1. AMS radiocarbon dates and their calibration into calendar years (cal. BP)







			   
   
	  	     				 
		     	          				
	        	     				
		         				




Figure 2. The calibrated age-depth relationship using Clam software (Blaauw, 2010)

Pollen, plant macrofossils and macrocharcoal


Late Bronze Age/Iron Age (c. BC 800-140 AD) 

The pollen record is dominated by Alnus, Quercus and Betula, with Tilia, Ulmus, Fraxinus, Salix, Corylus, Populus, Pinus and Sorbus (Figure 3). Few macrofossil remains are recovered, as the sediment is fine grained and well humified, but occasional Quercus, Betula, Tilia and aquatics are recorded (Figure 4). Herbs and graminoids make up over 30% of the total pollen, mainly Poaceae, Cyperaceae, Rumex acetosa, Filipendula, Stachys, Galium, Artemisia, Chenopodiaceae, Lactucaceae, Brassicaceae, Rubiaceae, Rosaceae, Melampyrum and Ranunculus. 













Figure 4: Plant macrofossils and macrocharcoal (units/20 cm3) b: bud; br: bract; f: fruit; flr: flower; l: leaf; nt: nutlet; s: seed. Dots represent presence.

Late Iron Age - (c. 140 AD-500 AD)   

A continuous charcoal record which includes fragments >450 µm characterised the beginning of this period (Figure 4). Alnus pollen frequencies and PAR values decrease accompanied by an increase in percentage and PAR representation of Quercus (Figure 3) and in the influx data for Salix, Corylus and Tilia towards the end of the period (S1 Figure 4). Fagus pollen is first recorded c. 140 AD (Figure 3), with local presence confirmed by macrofossil bud bracts and leaf fragments c. 370 AD (Figure 4). Quercus and Betula macroremains are present alongside herbaceous taxa (Figure 4). 

Iron Age/Early Medieval - (c. 500 AD-1300 AD) 





Figure 5: Pollen percentage diagram showing major herbs, ferns and aquatics. White outlines indicate × 5 exaggeration. 

Middle Ages - (c. AD 1300 AD-1550 AD)

Non-arboreal pollen, mainly Poaceae, Rumex, Apiaceae, Lactucaceae, Rosaceae, Cyperaceae and Fabaceae, rise to almost 40% at the same time as cultivated crops, both Hordeum-type and Secale cereale (Figure 5). Abundant Urtica dioica seeds are present with Eleocharis, Apium and Rubus remains (Figure 4). Pollen from forest taxa show Quercus, Betula, Fagus, Alnus, Salix, Corylus, Tilia and Fraxinus are maintained (Figure 3). Macrocharcoal is more regularly recorded (Figure 4).                       
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
 Little Ice Age - (c. 1550 AD-1858 AD) 


Quercus and Ulmus pollen percentages decrease while Tilia, Fraxinus, Alnus, Betula, Salix and Juniperus frequencies and PAR are maintained and Fagus percentages and PAR representation increase (Figure 3, S1 Figure 4) Cereals, Poaceae, Cyperaceae and pollen from herbaceous taxa often associated with grazing are frequent in the percentage diagram (Figure 5). These make up c. 50% of the pollen spectrum and include Rumex, Filipendula, Stachys, Galium, Fabaceae, Lamiaceae, Asteraceae, Lactucaceae and Rosaceae. Abundant Quercus macrofossils are present, along Fagus, Betula, Vaccinium and diverse herbaceous taxa (Figure 4). Macrocharcoal is recorded in almost all samples (Figure 4).

(c. 1858 AD- present)





The results of the statistical analyses between vegetation cover, fire activity, climate variations and grazing pressure over two time periods, 946-2000 AD (Table 2, Figure 6) and 1665-2000 AD (Table 3, and Figure 7), are presented.

Table 2. Best-fitted model according to the AIC and results of the relative importance analysis for the period 946-2000 AD. The proportion of each predictor to the total explained variance (lmg), the correlation coefficient (r) and the significance value (both unadjusted p-values and adjusted p-value calculated with the Holm-Bonferroni method) are shown. Significant p-values (<0.05) are highlighted in bold. *Grazing indicators used are Calluna, Fabaceae, Poaceae, Galium, Rumex, Potentilla, Cyperaceae, Filipendula, Juniperus and Plantago.

Taxon/group of taxa	“Optimal” model	Predictors	lmg	r	p-value	pHolm_adj
Quercus	winter temperature, relative summer humidity				<0.001	<0.001
		winter temperature	8.40	+0.29	0.006	0.006
		summer humidity	21.40	+0.46	<0.001	<0.001
Fagus	relative summer humidity, fire activity				<0.001	<0.001
		summer humidity	9.67	-0.31	<0.001	<0.001
		fire activity	1.13	-0.11	0.036	0.036




Alnus+Tilia+Corylus	winter temperature, relative summer humidity				<0.001	<0.001
		winter temperature	25.93	+0.51	<0.001	<0.001
		summer humidity	16.87	+0.41	<0.001	0.001






Figure 6. Best-fit models according to the AIC and results of the relative importance analysis of climate (winter temperature, relative summer humidity) and fire activity on different important deciduous taxa and pollen grazing indicators over the time period 946-2000 AD. The significance values, the direction of the relationship and the proportion of variance explained by each predictor are indicated.


Table 3. Best-fitted model according to the AIC and results of the relative importance analysis for the period 1665-2000 AD. The proportion of each predictor to the total explained variance (lmg), the correlation coefficient (r) and the significance value (both unadjusted p-values and adjusted p-value calculated with the Holm-Bonferroni method) are shown. Significant p-values (<0.05) are highlighted in bold.
Taxon/group of taxa	“Optimal” model	Predictors	lmg	r	p-value	pHolm_adj






















Rumex	grazing pressure, fire actvity				<0.001	<0.001
		grazing pressure	14.14	-0.38	<0.001	<0.001
		fire actvity	50.33	+0.71	<0.001	<0.001











Figure 7. Best-fitted models according to the AIC and results of the relative importance analysis of climate (winter temperature, relative summer humidity), grazing pressure and fire activity on selected important plant taxa over the time period 1665-2000 AD. The significance values, the direction of the relationship and the proportion of variance explained by each predictor are indicated.

The results of the statistical analyses over the longer time period (Figure 6, Table 2) indicate that high summer humidity (21.4%) and warm winter temperatures (8.4%) account for most of the variance in Quercus dynamics, while the occurrence of Alnus and Alnus+Tilia+Corylus are most associated with warm winters (21.8% and 25.9%, respectively) and high relative summer humidity (15.8% and 16.9%, respectively). 








A striking feature of the dynamics of HV forest composition during recent millennia is the sustained presence of vital populations of Quercus, Alnus, Tilia, Corylus and Ulmus, alongside the more widely observed trend of increasing Fagus (Figures 3, S1 Figure 4). These deciduous trees are associated with high levels of diversity among epiphytes and saprophytes, including fungi, bryophytes, lichens and insects that characterise the island (Ekstam and Forshed, 2010). Mainland sites at comparable latitudes in NW Europe have usually less deciduous tree diversity at present, with the earlier loss of Quercus, Alnus, Tilia, Corylus and Ulmus ascribed to past human impact, grazing fire, changing climate and elm disease (O'Dwyer et al., 2021; Fredh et al., 2019). Our statistical analyses suggest that grazing pressure was the strongest destructive agent for deciduous trees on HV, while warm winter temperatures with high summer humidity were favouring factors, the latter particularly for Quercus (Figure 6, Table 2). Burning on HV was almost solely linked to human activities and was more prevalent and influential in southeastern Sweden than in the west (Bradshaw et al., 2010b; Cui et al., 2020). 
The statistical analysis shows that the influence of fire was greatest on Fagus populations, limiting their growth during recent centuries (Figure 7). There is a weak positive influence of fire on Quercus, as has been proposed for southern Sweden (Drobyshev et al., 2021) (Figure 6). The local shift from local Alnus to Quercus dominance, which is also clear in the influx data (Figure 3, SI Figure 4), is associated with peak macrocharcoal values, but is also a likely response to falling water tables allowing the light-demanding and flood tolerant Quercus to replace swamp-loving Alnus at the lake margin. Water tables have been falling on the island as shoreline has moved over 8 m downslope during the late Holocene (Mörner, 1969). 




Grazing was the main factor explaining forest dynamics of Alnus, Corylus, Fagus and Tilia on the island during the period 1665-2000 AD. (Table 3, Figure 7). The population size of trees all showed significant negative correlations with the stocking density data for cattle, sheep and horses which were grazed throughout the year in until 1852 AD with maximum stocking densities during the 18th and early 19th centuries (Lannér, 2003). Stocking densities and grazing/browsing pressure showed comparable values and trends to those recorded by Dahlström (2006; 2008) from mainland southern Swedish sites, although goats were a contributing factor on the mainland and were not recorded on HV. Deer browsing has been a likely contributory factor to greater loss of deciduous trees from many mainland forest areas (Bradshaw et al., 2003; Bradshaw and Mitchell, 1999). No deer have been recorded from HV, and only the occasional moose throughout the historical period (Ekstam and Forshed, 2010). The current abundance of deciduous trees on HV, particularly Alnus, Corylus, Fagus, Quercus and Tilia, and the distinctive high biodiversity associated with these deciduous trees (Sundberg et al., 2019) is partially attributable to grazing/browsing differences from the mainland. This is due to the absence of deer and goats on HV, although of possible equal importance was the less intensive recent forest management measures of drainage and planting of conifers. 
Historical records show that grazing by domestic animals created open conditions in southern Swedish forests during the 18th and 19th centuries (Nilsson, 1997). But few previous studies have had access to quantitative data on domestic grazing animals (Dahlström, 2006). Previous palaeoecological studies have used an indicator approach  ADDIN EN.CITE (Behre, 1981; Hjelle, 1997; Gaillard et al., 1992) or analyses based on modern animal-plant relationships (Mazier et al., 2009; Hjelle, 1999). The relationships between grazing pressure and certain pollen indicators of grazing yielded some new insights into past grazing-vegetation relationships. On HV, Poaceae were the strongest indicator of increasing grazing pressure, while Juniperus and Rumex were significantly negatively correlated with grazing (Table 3). An increase in Juniperus cover is most likely a response to a relaxation of grazing pressure, while Poaceae cover is highest during intensive grazing (Figure 3). Thus combining several traditional pollen indicators recorded on HV (Calluna, Fabaceae, Poaceae, Galium, Rumex, Potentilla, Cyperaceae, Filipendula, Juniperus and Plantago) to act as a proxy for changes in grazing pressure as suggested by previous literature (e.g. ref?) would have yielded misleading results because the combined values were weakly negatively correlated with grazing pressure (Table 3). 

Conclusions
Very few sites in southern Scandinavia have retained compositional elements characteristic of the mid-Holocene with diverse populations of deciduous trees surviving to the present, including veteran Tilia and Quercus. One example is the Lime enclosure in Draved Forest, western Denmark (Iversen, 1969; Bradshaw et al., 2005), which has also had a different disturbance history from the surrounding forest with more protection from grazing animals, burning and drainage (Bradshaw et al., 2005). These sites are extraordinarily species rich with large numbers of red-listed species. About 3800 species have been recorded from HV, of which 246 are red-listed (Ekstam and Forshed, 2010). Twenty-two percent of all terrestrial species in Sweden are linked to specific host trees and the most abundant tree (Picea abies) has the most associated species (Sundberg et al., 2019). However, Fagus, Quercus, Tilia and Ulmus are hosts to more species than predicted by their national abundance, with Quercus outstanding in this respect (Sundberg et al., 2019). Consequently, the sustained populations of deciduous trees on HV help account for the anomalously large number of red-listed species recorded (Ekstam and Forshed, 2010). Understanding how these unusual locations have retained such diversity gives insight into why the remainder of the landscape has lost that diversity. This understanding can help with rewilding efforts such as those carried out by local authorities in Halland (western Sweden), where Tilia has been re-introduced into a nature reserve to promote biodiversity (Hannon et al., 2018)(Henrik Malm pers. comm.). The palaeoecological and statistical analyses from HV highlight the importance of grazing for tree species composition. The deciduous trees associated with high levels of diversity among epiphytes and saprophytes, including fungi, bryophytes, lichens and insects that characterise the island (Ekstam and Forshed, 2010), make future management of the island of national significance.
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